We evaluated cardiac muscle development in the absence of hemodynamic work load but in the presence of host factors including blood vessels, nerves, and circulating neurohumoral agents by transplanting 12-day fetal rat ventricle into the anterior eye chamber of adult host rats. Implants were studied by electron microscopy at intervals from 1 to 14 weeks in oculo. For comparison with myocardium developing in oculo, 12-day fetal tissue and 3-, 8-, and 28-day-old normally growing rats were also studied. At 1 week in oculo, myofibrils were laterally located and more frequent than in the 12-day fetus. Fibrils had clear Z bands and H bands, but no M bands. At 10 days in oculo (comparable to birth in normally growing animals), myocyte mitoses were present and tritiated thymidine autoradiography revealed many labeled myocyte nuclei. By 5 weeks in oculo, cells were filled with mature myofibrils with clear M bands and lateral connections between adjacent Z bands. However, myofibril bundles sometimes coursed at sharp angles to each other within single cells. Except for the relative lack of fibrillar polarization and small cell size, ultrastructure of myocytes developing in oculo for 5 or more weeks appeared very similar to myocytes developing in normally growing rats. By 10 weeks in oculo, when in situ growing hearts are clearly in a hypertrophic phase of growth, no mitoses or tritiated thymidine-labeled nuclei were present in myocytes, although labeled nonmyocyte nuclei were present. Morphometric evaluation revealed no change in myocyte diameter or nuclearto-cytoplasmic ratio from 1 to 3 weeks in oculo, consistent with continued hyperplastic growth. Binucleated cells were present by 3 weeks in oculo and later, and the cytoplasm per nucleus increased fourfold between 3 and 5 weeks in oculo, suggesting conversion to hypertrophic cell growth. We concluded that cells proliferated and differentiated in the absence of a hemodynamic load, but that polarized alignment of myocytes and myofibrils was incomplete.
A lthough morphogenesis of the heart and differentiation of cardiac myocytes are well described in many species,1-7 regulation of these developmental processes is poorly understood. Normal developmental changes in the heart's hemodynamic load and neurohumoral milieu may affect differentiation of myocytes. The present study used culture of embryonic rat heart in the anterior eye chamber (in oculo) to examine the influence of hemodynamic unloading of embryonic myocardium on subsequent differentiation and growth.
Hemodynamic parameters have been hypothesized to influence both growth and differentiation of developing fetal and early neonatal myocardium. [8] [9] [10] [11] [12] [13] [14] [15] [16] The tubular embryonic rat heart begins to beat at 9 days postconception, and loosely arranged myofibrils are first observed at this time. 15 Looping of the tubular heart proceeds normally even if the heart is prevented from beating, indicating that early cardiac morphogenesis does not depend on hemodynamic influences. 17 Through processes not well understood, sarcomeres become organized into parallel myofibrils, and myocytes become elongated. Clark and colleagues6 reported a nearly threefold increase in ventricular systolic pressure (from 1.3 to 3.5 mm Hg) from the time of completion of looping until fusion of the endocardial cushions in the embryonic chick heart (i.e., stages [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] . Rapid increase in cardiac mass occurs during the late fetal period, concomitant Bishop et al Cardiac Development In Oculo 85 with increasing ventricular pressure and cardiac output. The extent to which increasing hemodynamic load influences assembly of myofibrils into sarcomeres, the alignment of sarcomeres within the cell, and the proportion of cell volume occupied by myofibrils is unclear.
The adult rat in oculo culture system offers distinct advantages to myocyte growth in culture.1819 Part or all of the embryonic heart may be transplanted in oculo, thus preserving potentially important relationships among cell types. The grafted heart tissue becomes innervated by sympathetic, parasympathetic, and sensory fibers from the iris. 8, 20 Vascular connections with systemic circulation in the iris are rapidly established, allowing delivery of nutrients and other substances necessary for growth of the graft. Although beating, the grafted heart tissue does not pump against a pressure gradient. Thus, morphological differentiation and growth of chronically unloaded, yet viable, myocardium can be studied. For assessment of growth and differentiation of myocytes in the absence of hemodynamic load, cellular ultrastructure of embryonic ventricular implants was studied after 1-14 weeks in oculo and compared with embryonic ventricle fixed before grafting and with ventricular myocardium from unmanipulated newborn and weanling rats. Time points were chosen to encompass the hyperplastic, transitional, and hypertrophic neonatal growth phases of cardiac development.2' Intracellular structural development of embryonic myocytes in oculo was found to parallel that observed in situ, although increase in mass was retarded, and the highly developed myofibrillar and cellular polarization of myocardium growing in situ was less developed in oculo.
Materials and Methods
Dissection and Implantation of Ventricular Tissue Sprague-Dawley rats were purchased from Taconic, Germantown, New York, and mated in our laboratory. Successful mating (day 0 of gestation) was judged by the presence of a vaginal plug. At 12 days postconception (E-12), both uterine horns were removed aseptically from ether-anesthetized dams and placed in sterile Tris-Tyrode's solution (pH 7.4) at room temperature. The beating hearts were dissected from each fetus (10-12 fetuses per dam) by use of a surgical microscope (Aus Jena, Jenoptik, Jena) and subdivided into atria or ventricles, which were grafted into host rats. Measurements of fetal crown-to-rump length and heart dimensions were made with a calibrated micrometer in the microscope eyepiece. Crown-to-rump length of fetuses ranged from 5.86 to 6.28 mm (mean 6.08+0. 10 [SEM] mm, n=62). Fetuses had both forelimb and hindlimb buds. Hearts were four chambered and 1.52±0.06 mm2 in size; ventricles with atria removed were 0.79+0.02 mm2 in size. Heart weights were not obtained to avoid excessive handling of the fragile tissue.
Before implantation of cardiac tissue, host rats were anesthetized with chloral hydrate (3.5 mg/kg), and the pupil was dilated by placing a drop of atropine sulfate (1 mg/ml) on the cornea. Implantation was accomplished by gently drawing the heart tissue into a beveled pipette and injecting it into the anterior eye chamber through a small incision in the cornea. Cardiac tissue rapidly adhered to the iris over which it was positioned. Polymyxin B-bacitracinneomycin (Neosporin) ophthalmic ointment was placed on the eye after surgery for prevention of infection.
Measurement of Transplant Growth
Rats were sedated with diazepam (7.5 mg/kg body wt i.p.), and the size of the transplants was measured weekly through the cornea by use of a calibrated micrometer in the surgical microscope. Although the transplant had a three-dimensional shape, a conservative in vivo estimate of growth, the two-dimensional surface area, was obtained as the product of the longest dimension of the transplant and its width perpendicular to this axis.18
Processing for Morphological Analysis
Two hearts from each of six E-12 litters were fixed in 2% phosphate-buffered glutaraldehyde (300 mosm) for comparison with tissue grown in oculo. At selected times after grafting (1, 2, 3, 5, 8, 10, 12 , and 14 weeks), grafts were fixed by either perfusion or immersion in 2% glutaraldehyde. Atrial implants were studied only after 10-14 weeks in oculo. No differences in the morphometric measurements were found between atrial and ventricular grafts (10-14 weeks), and the data were pooled for analysis. For perfusion fixation, rats were anesthetized to a plane of deep surgical anesthesia with chloral hydrate (3.5 mg/kg i.p.). The thorax was opened, the thoracic aorta was clamped, and the left ventricle was cannulated and perfused with saline followed by glutaraldehyde at 80 mm Hg pressure maintained by gravity flow. Perfusion was continued for approximately 10 minutes; the graft visibly blanched and then became tan because of the fixative. In three rats with 10-week grafts, latex (Microfil, Canton Bio-medical Products, Boulder, Colorado) was injected with the perfusate for demonstration of vascular connections to the graft. For immersion fixation, the rats were anesthetized with chloral hydrate. The eye was removed, and the graft with attached iris fragment was placed in 2% phosphate-buffered glutaraldehyde overnight, followed by iso-osmolar phosphate-buffered saline wash. The host rat was then killed with an overdose of chloral hydrate. Tissues were postfixed in 1% osmium tetroxide, stained en bloc with uranyl acetate, dehydrated in ascending grades of alcohol, and embedded in Spurr epoxy resin. Sections were cut at 1-,.m thickness and stained with toluidine blue 0 for light microscopy. Selected blocks were sectioned at silvergray interference color, mounted on 200-mesh naked copper grids, and stained with uranyl acetate and lead citrate for electron microscopy. Sections were exam- ,, 3S,. implants), host rats were given three hourly intraperitoneal injections of tritiated thymidine (1 gCi/g body wt/injection, 45 Ci/mmol specific activity). Since the biological half-life of thymidine is relatively short, multiple doses of tritiated thymidine were given to increase the number of labeled cells compared with a single injection. One hour after the third injection, the grafts were perfusion fixed with glutaraldehyde and processed in Spurr epoxy resin as described above. One-micrometer sections were placed on acidcleaned slides, dipped in Kodak NTB2 liquid emulsion (Eastman Kodak, Rochester, New York), and stored in the dark at 40 C for 2-4 weeks. Slides were developed in D19 developer (Eastman Kodak, Rochester, New York), stained with toluidine blue 0, and examined by light microscopy. The density of labeled nuclei was calculated as the mean number of labeled nuclei in a minimum of 20 fields of a square eyepiece reticle (12,500 gm2 per field) by use of the x45 objective of a light microscope. Morphometric Analysis Electron micrographs were obtained at original magnifications of x 1,650 and the negatives photographically enlarged to approximately x 4,400 for morphometric analysis. Six to 10 randomly selected micrographs were obtained from a single section of each tissue. Cell diameter was determined by measurement of the shortest distance across each myocyte with a digitizer system interfaced to a computer; the presence or absence of a nucleus was recorded for separate tabulation. Nuclear-to-cytoplasmic ratio was determined by use of the digitizer system and standard morphometric techniques with programs developed in our laboratory. Briefly, the outline of each myocyte was traced, the nuclear outlines were traced, and total nuclear area was divided by the total nonnuclear cell area. Additional micrographs were taken at higher magnifications for qualitative evaluation of cellular development. All data are reported as mean±SEM.
Results

Myocardial Morphology in Intact Developing Rats
Although detailed descriptions are available in previous reports,3,22-25 a brief overview of myocardial development in situ is necessary for evaluation of myocardial development in oculo. For comparison with cardiac development in oculo, morphology of heart tissue implanted into the anterior chamber of the eye (12-day fetal tissue) and of normally growing 3-day (hyperplastic growth phase), 8- periods were chosen to correspond with each early developmental stage of in situ growth. Table 1 compares morphological development of myocardial tissue maturing in oculo with tissue of similar postconceptual age maturing in situ.
Fetal tissue. Figure 1A shows a longitudinal section of a 12-day fetal heart. The heart is four chambered with prominent endocardial cushions. The atria are thin walled, consisting of four to eight layers of loosely connected spherical cells. The ventricle consists of a loose collection of spherical-to-ovoid cells forming a trabecular network. Endothelial cell-lined spaces contain nucleated erythrocytes and leukocytes ( Figure 1B) . Small arteries or arterioles with smooth muscle cells were not found. A definite lining of thin epithelial or endothelial cells covered the epicardial and endocardial surfaces of the fetal heart.
Electron microscopic examination of fetal ventricular tissue revealed clusters of three to 20 or more closely attached cells with large electron-lucent regions between clusters. The interstitial space often contained loose filamentous fragments, but banded collagen fibrils were not present. Myocytes were closely attached to each other by immature desmosomes and fasciae adherentes (filament attachment areas). Myocyte nuclei contained one to several prominent nucle-oli. Mitochondria, sparse myofilaments, glycogen, and rough endoplasmic reticulum with ribosomes were all present, but there was also abundant electronlucent cytoplasmic space.
Bundles of actin and myosin filaments formed rudimentary sarcomeres located principally at the periphery of the cell. Z bands and actin and myosin filaments were present, but sarcomeres lacked the full banding pattern seen in adult myocardium (Figure 2 ). Actin and myosin filaments formed rudimentary sarcomeres, loosely aligned in clusters and often oriented at sharp angles to each other.
Three-day-old rat. In 3-day-old rat myocardium, the basic adult relation among myocytes, vasculature, and neural tissue was present but not fully developed. The vascular system included major coronary arteries, small intramyocardial arteries, arterioles, and capillaries. Myocytes had a single nucleus in most cases, characteristic of cells in the hyperplastic phase of growth. Mitotic figures were frequent in myocytes of 3-day postnatal rat heart, and active endothelial cell proliferation was also evident. Mitochondria were located centrally, while myofibrils were located near the cell periphery. Eight-day-old rat. Eight-day rat myocardium had both mitotic figures and binucleated cells. Interstitial Twenty-eight-day-old rat. The light and electron microscopic appearance of 28-day postnatal myocardium was virtually indistinguishable from adult myocardium except for the smaller size of myocytes.
Vascular, neural, and interstitial connective tissue elements were all present as in the adult. By 28 days, myocytes are in the hypertrophic growth phase, and mitoses were not seen. Myofibrils were uniformly distributed throughout the cell with mitochondria uniformly spaced among the sarcomeres.
Cardiac Morphological Development In Oculo
Tissue development. Myocardial grafts attached to the iris within the first hour after implantation and were visibly vascularized within 1 week as previously reported.'8 The two-dimensional area of eight grafts increased in size from 1.14+0.20 to 2.85±0.63 mm2 between 2 and 8 weeks after implantation. Many hearts remained well vascularized and continued beating for 4 or more months in oculo. Of successfully placed grafts, 99% of 83 implants were viable and vascularized 2 weeks postimplantation; more in 1-week implant. Banded collagen fibers are in than 70% continued to be well vascularized and to beat at 8 weeks. Histological evaluation of grafts that stopped beating and became pale revealed lymphocytic inflammatory infiltration and formation of fibrous scar tissue.
In oculo, grafts assumed a spherical-to-ovoid shape and consisted of a mass of cells attached to the iris and covered with a layer of epithelium ( Figure 3 ). The cells were predominantly myocytes with interspersed vascular, neural, and connective tissue elements. Endothelial-lined sinusoidal spaces up to 100 gm in diameter were commonly observed in the implants; occasionally, these sinusoids reached 500 gm in diameter. In some hearts a few mononuclear inflammatory cells were found at the attachment junction with the iris. Occasionally, these cells infiltrated the basal one third of the graft.
Vasculature. Blood vessels were observed on the graft surface by 1 week in oculo. Histological examination indicated that vascularization began at the periphery of the graft and later penetrated into the tissue. Capillaries, arterioles, small arteries with smooth muscle cells in the media, and veins all were present (Figure 3) ; arterial vasculature and capillaries were filled by injection of latex into the carotid arteries. The peripheral vessels developed a tunica &. media containing smooth muscle cells by 1 week in oculo. Capillaries appeared within the graft by 1 week, and numerous vascular buds could be identified at both the light and electron microscopic level (Figures 3 and 4 ). Neural tissue. By elecron microscopy, both myelinated and nonmyelinated nerves were first found at the base of the graft and surrounded by myocytes at 1 week in oculo ( Figure 5 ). Nerve tissue was not a prominent feature of the grafts, but was observed on electron micrographs of both atrial and ventricular tissue. From this study, it was not possible to identify whether the source of the nerve fibers was the implant or the iris. Presumably, the fibers were mainly from the iris since they were most commonly found adjacent to the iris, and there was evidence of functional innervation of grafts by iridal nerves examined as early as 1 and 2 weeks in oculo. Bradycardia responses to light stimulation were observed in 50% (four of eight grafts) at 1 week and 100% (eight of eight grafts) at 2 weeks in oculo. Both light stimulation and pharmacological manipulations were used by Tucker and Gist18 for demonstration of functional sympathetic and parasympathetic innervation of grafts after 8-10 weeks in oculo.
Connective tissue. Electron microscopic examination of grafts at 1 week in oculo revealed a fine floccular amorphous material between myocytes. Small amounts of banded collagen fibrils (type I or III) were observed, primarily around blood vessels and nerves. Myocytes had a glycocalyx present (type IV collagen). By 2 weeks in oculo, sparse banded collagen fibrils appeared between myocytes, and by 3 weeks and later, fibroblasts and collagen fibrils were easily found. This time course corresponded well with the first appearance of collagen fibers at 8 days of in situ growth.
Proliferation of graft cells. Mitoses were frequently found by both light and electron microscopy at 1 and 2 weeks in oculo, and myocytes were single nucleated as expected of late fetal to early neonatal normally developing heart cells21 (see Table 1 ). Mitotic figures were also present in the corresponding 8-day normally growing rat myocardium ( Figure 6 ). Binucleated cells were present at 2 weeks in oculo ( Figure 7) and were common in grafts in place 3 or more weeks. Mitotic figures in myocytes were very rare in grafts more than 4 weeks of age, although endothelial cell mitoses were present.
Active cell proliferation in nine grafts after 10 days in oculo was demonstrated by autoradiography after treatment of the host with tritiated thymidine ( Figure  8 ). Quantitative evaluation revealed an average of 2.88±0.21 (SD) labeled cells per field (12,500 jm2). Labeled heart muscle cells could be easily identified, but since not all labeled cells could be definitively classified, myocytes were not counted separately from other cell types. Labeled endothelial cells and other nonmyocytes were also observed. At 10 weeks in oculo, cellular labeling was less dense, with only 0.84+0.22 labeled cells per field. In these mature grafts, labeling appeared to be over endothelial and other nonmuscle cells; no labeled myocytes were definitively identified. Myocytes. Table 1 compares myocyte development in oculo with similar postconception-aged myocardium maturing in situ. At 1 week in oculo, elongated cells that were 50 gm or more in length and contained definite striated myofibrils were identified. Electron microscopy revealed sparse myofibrils and clearly identifiable sarcomeres with Z bands and both actin and myosin filaments; however, M bands were not present in sarcomeres at this age (Figures 9 and  10 ). Intercalated disks were incompletely developed at 1 and 2 weeks. Multiple intercellular connections were observed consisting of desmosomes and fasciae adherentes. Nexus regions (gap junctions) were not identified at 1 week. Myofibrils were attached to these lateral cell connections ( Figure 10 ) as observed in the 3-day postnatal rat heart. Mitochondria in 1-week graft cells were small, contained relatively striated myocytes, sometimes containing two nuclei (double sparse cristae, and tended to be clustered around the nucleus.
Comparison with the 3-day neonatal heart revealed a similar stage of development. Sarcomeres of 3-day neonatal hearts had clearly defined Z bands with actin and myosin filaments forming clear A, I, and H bands, but M bands were not present ( Figure 11 ). Myofibrils were attached to the sarcolemma by actin filaments inserted into dense filament attachment areas. Expanded areas of dense Z band substance were often seen at these lateral myofiber-sarcolemmal connections, perhaps involved in sarcomere assembly.4 T tubules were absent. Intercalated disks were immature, with intercellular connections located both laterally and at the ends of the cells. As in the 2-week in oculo graft, filament attachment areas and desmosomes were present. However, in contrast with this stage of in oculo development, nexus regions were clearly present in the 3-day-old rat myocardium. By 3 weeks in oculo, many elongated cells with abundant myofibrils were observed. Some myocytes had branches in several directions rather than an elongated, cylindrical shape. In other areas, myocytes were arranged in parallel bundles. Bundles of myofibrils within myocytes retained the fetal characteristic of occasionally being oriented at sharp angles to each other. Fibrils were attached to cell membranes at electron-dense areas. Sarcomeres had the normal banding pattern, including faint M bands. At 8 days' neonatal growth, sarcomeres had clear A and I bands, a central H band, and faint but indistinct M bands. Transverse intercalated disks were uncommon, but lateral intercellular connections were present with all the elements of the adult intercalated disk (i.e., nexus, filament attachment area, desmosome). T tubules were occasionally found. By 5 weeks in oculo, cells made frequent connections with each other at multiple intercalated disks with clear filament attachment areas and desmosomes ( Figure 12 ). However, nexus regions remained difficult to identify. Myofibrils were indistinguishable from those in the 28-day neonatal or adult myocardium ( Figure 13) and coursed throughout the cell. In contrast with normal in situ myocardium, however, a characteristic of myocytes developing in oculo, prominent at 5 weeks and later, was the presence of multiple bundles of parallel fibrils coursing at sharp angles to each other within the same cell (Figure 14) .
Mitochondria had the adult pattern of cristae and were distributed among the myofibrils similar to the arrangement in adult myocardium. By 8 weeks in oculo, myocytes had myofibrillar development that, except for the less well-polarized arrangement of both cells and myofibrils, appeared Numerous labeled nuclei are present, many very similar to that of normally growing rat heart at 28 days. Intercalated disks also resembled those of a 4-week postnatal rat heart. T tubules were never observed in heart grafts at any time period studied.
Atrial tissue growing in oculo was examined at 10-14 weeks, and except for the presence of atrial granules (Figure 15 ), appeared similar to ventricular tissue. Implants of more than 8 weeks' duration often had pale-staining cells, interpreted as degenerating cells, scattered among otherwise normal-appearing tissue. By electron microscopy, these pale cells had few myofibrils, increased translucent cytoplasmic space, and sparse mitochondria but well-preserved nuclei.
In some areas, there were dark condensed cells with pyknotic nuclei, interpreted as necrotic cells. Interstitial connective tissue was present in increasing, but variable, amounts.
Myocyte Size Increase Durng In Oculo Ventricular
Graft Growth
Since myocytes frequently coursed in several planes, cell length was difficult to measure and, thus, was not determined in these studies. However, examination of light and electron micrographs suggested that elongated myocytes were more numerous with increasing time in oculo. At 1 week in oculo, only a few elongated cells were found, while after 3-5 weeks, 94 Circulation Research Vol 66, No 1, January 1990 FIGURE 9. Electron micrograph of developing myocytes in graft at 1 week in oculo. Parallel myofibnrls are peripherally located, and mitochondria tend to cluster around nucleus. Bar=5 pm. elongated cells with clearly identifiable striated fibrils were easily found.
The measured cell diameter of myocytes with and without a nucleus in the section is shown in Figure  16 . Graft cell diameter decreased from the fetal stage to 1 week in oculo. Since nuclear-to-cytoplasmic ratio did not change (Figure 17 ), the decreased diameter apparently was due to elongation of the rounded cells in the fetus. Cell diameter did not change from 1 to 3 weeks in oculo, but did increase by 5 weeks. Coinciding with the increase in cell diameter, nuclearto-cytoplasmic ratio decreased between 3 and 5 weeks, indicating cell hypertrophy. Nuclear size was not different among the different age groups. After 8 weeks of in oculo growth there was little further increase in cell size, as determined by cell diameter or nuclear-to-cytoplasmic ratio. In contrast, rapid increase in myocyte size was observed in the normally growing postnatal heart.
Discussion
Maturation of embryonic cardiac tissue cultured in the anterior eye chamber was compared with normally growing heart for examination of the role of hemodynamic load on the control of cardiac maturation. In oculo culture contrasts with cell culture in that all cardiac cell types continue to be present and the developing heart becomes vascularized and innervated, exposing it to the neural and hormonal milieu of an adult rat. Further differences of in oculo culture compared with cardiac maturation in situ are the constancy of the hormonal conditions to which it is exposed and the absence of a ventricular lumen and a pressure load against which to beat. Functional sympathetic innervation in oculo occurs somewhat earlier than previously reported for intact animals26,27; the consequences of this early innervation remain to be studied. By morphological criteria, myocytes of embryonic heart cultured in oculo developed into mature myocytes. Although cell growth occurred, cells remained small in size compared with weanling (28-day) rat heart cells. Heart tissue maturing in oculo also showed less consistent polarization of myofibrils within cells and greater variability in alignment of cells within the tissue than did tissue maturing in situ.
Cellular differentiation of heart tissue grafted in oculo proceeded at the rate expected based on postconceptual age (see Table 1 ). In the intact rat heart, parallel alignment of muscle cells and their myofibrils begins at stage E-20, late in gestation. 25 postnatal period, reaching normal adult volume percent of mitochondria, myofibrils, and other intracellular organelles by 3 weeks of age.232930 Myofibrils become increasingly organized into a cross-striated configuration, with M bands first appearing between 5 and 11 days after birth. 31 Morphological development of myocytes in oculo resembles that in situ. In 12-day fetal tissue, myofilaments formed rudimentary fibrils attached to the fasciae adherentes of the plasma membrane. This pattern is similar to that described for the earliest detected myofibrils in the developing chick heart.32 Bundles of myofibrils with multiple sarcomeres and Z bands have been observed by Schiebler and Wolff25 at fetal day 20 in situ and in the present study after 1 week in oculo. Both in the early postnatal heart and in 12-day embryonic heart grafted in oculo for 1-2 weeks, mitochondria are clustered around the nucleus and myofibrils are located peripherally. The present study demonstrated that by 5 weeks in oculo, mitochondria have assumed their mature distribution between bands of myofibrils, corresponding to previous descriptions of 4-week neonatal myocardium.23,2-530
The specialized intercellular junctions observed in fetal heart differentiate into mature intercalated disks by 3-4 weeks after birth or 5 weeks in oculo. In normally growing heart, T tubules are first observed after the second postnatal week and are fully differentiated by 4-5 weeks.2530 In contrast, T tubules were not observed in hearts maturing in oculo. Although the stimulus for T tubule generation is unknown, achievement of a critical cell diameter or volume has been proposed to trigger T tubule formation. 33, 34 The small size of even highly differentiated cells in hearts maturing in oculo could explain the failure of T tubules to be formed in oculo.
Myocyte proliferation continued in eye chambercultured hearts to a similar postconceptual age as previously reported in normally growing hearts. 21, 35 At 10 days in oculo (equivalent to postnatal day 1), numerous mitoses were present in myocytes, and tritiated thymidine uptake was demonstrated in myocytes by autoradiography. The present study, however, was not designed to determine the number of times each cell divided before converting to hypertrophic growth. Binucleated myocytes were observed in significant numbers by 3 weeks in oculo, consistent with the previously documented final nuclear division in ventricular myocytes during the second postnatal week. 21, 35 Previous studies from our laboratory have shown that the development of binucleation signals the end of the hyperplastic phase of myocyte growth ..t 1, 11 'A. Banded collagen fibers (C) are present in the interstitium between myocytes. Compare with Figure 12 . Bar=] tan. and the initiation of hypertrophic cell growth. 21 The in oculo model of myocyte growth provides the opportunity for study of the influence of factors responsible for the conversion of hyperplastic to hypertrophic cell growth in the absence of work load. Cell size change in the in oculo model is indicated by the morphometric measurements in the present study. Neither cell diameter nor nuclear-tocytoplasmic ratio changed from 1 to 3 weeks after grafting, but DNA proliferation occurred and graft size increased, indicating continued cellular hyperplasia. Between nucleus. Therefore, there was conversion from hyperplastic cell growth to initiation of hypertrophic cell growth, but in the absence of hemodynamic work load, continued hypertrophic cell growth did not occur.
The development of blood vessels in the in oculo heart provides an opportunity for study of many aspects of angiogenesis in a tissue environment. Morphologically, newly formed vascular buds were seen within the mass of myocytes, and these developed into not only capillaries, but larger veins and arteries as well with smooth muscle medial components and connective tissue adventitia. Whether the blood vessels developed entirely from ingrowth of iris vessels, from vascular tissue in the implant, or from a combination of these sources remains to be determined.
Despite striking parallels between cellular development of embryonic heart grafted into the anterior eye chamber and normally growing heart, the in oculo heart model is not appropriate for examination of control of organ development. For example, the atrial and ventricular chambers are not preserved in oculo, and differentiation of structures such as valves and the ventricular conduction system does not occur. Thus, developmental influences on these structures cannot be studied. The anterior eye chamber does appear to provide conditions necessary for differentiation of myocytes from an embryonic to a mature state. Since in oculo hearts are perfused by the host circulation, innervated by autonomic neurons, and attached to the iris surface, each of these factors must be considered to be of possible importance in support of myocyte growth and differentiation.
Serum factors that would be carried by the host circulation are necessary for support of cell division in neonatal myocytes placed in cell culture. 36 Myocyte proliferation and heart growth are also modulated by neurohumoral influences.8'18,37-41 Attachment of cultured myocytes to a surface was demonstrated by Marino and colleagues42 to be necessary for growth of cells in serum-free medium. Thus, the anterior eye chamber model provides a constellation of conditions likely to contribute to the growth and differentiation that we observed.
Because ventricular chambers are not preserved and in oculo hearts do not pump against a pressure gradient, the hemodynamic load to which the normally growing heart is exposed is explicitly absent in this model system. That pressure is a definite factor in the increase in heart size is shown by changes during normal growth and by several experimental studies. For Weeks in oculo Although early cardiac morphogenesis prior to the looping of the tubular heart proceeds normally in the absence of cardiac contraction,'17experimental manipulations of hemodynamic load on prenatal and postnatal myocardium indicate that work load is an important determinant of right and left ventricular mass, cell number, and cell size. In the late fetal IN Weeks in oculo Nuclear-to-cytoplasmic ratio of fetal, in oculo, and neonatal myocardium, determined from the same tissue as used in Figure 16 . Fetal, 3-day, and 28-day neonatal data are plotted at 0, 2, and 5 weeks, respectively. period, experimental disruptions of the normal pattern of right and left cardiac output alter cardiac morphogenesis.10,43-46 Spontaneously hypertensive rats of the Okamoto strain (SHR) have increased systemic pressure and larger hearts at birth compared with the parent Wistar-Kyoto strain (WKY).47-49 However, hearts from 12-day SHR and WKY fetuses grafted into anterior eye chambers of adult SHR and WKY hosts grew at the same rate,50 suggesting that cardiac hypertrophy in SHR may require exposure to hemodynamic load. Prenatal cardiac volume overload produced by exposure of rats to carbon monoxide resulted in enlarged hearts due to myocyte hyperplasia at the time of birth.5' Continuation of the carbon monoxide exposure after birth resulted in both hyperplasia and hypertrophy of myocytes. While exposure of the neonatal animal to either a volume or pressure overload has been shown by many investigators to result in cellular hypertrophy, the issue of whether increased hemodynamic load in the neonatal period is able to prolong the hyperplastic phase of growth remains unsettled. Increased myocardial DNA synthesis was reported after aortic banding of rats at 21 days of age,9 after iron deficiency anemia in weanling rats,'1 and in response to accelerated body growth in pups reared in small litters.5253 However, other studies of pressure or volume overload induced during the neonatal period have failed to find myocyte hyperplasia.51,54,55 Thus, data from cultured myocytes and from intact animals indicate that cardiac growth can be altered by neural, hormonal, and hemodynamic stimuli during the fetal and postnatal periods. The present study demonstrated that cellular hyperplasia can proceed in the absence of hemodynamic load, although we did not determine whether the full normal number of cell divisions was completed. Cells growing in oculo, where hemodynamic load is absent, did convert from hyperplastic to hypertrophic growth. The study further demonstrated that cellular mass increased after completion of hyperplastic growth, but cellular enlargement did not continue in the absence of a work load. Our observations indicate that cell differentiation to mature ultrastructural appearance does not require hemodynamic load. The study also adds to existing information in suggesting that hemodynamic stress on the developing heart may influence the alignment of cells within the developing ventricular wall and may define the axis along which myofibrils polarize within developing myocytes.
